The discovery of group I introns In small subunit nuclear rONA (nsrDNA) is becoming more common as the effort to generate phylogenies based upon nsrDNA sequences grows. In this paper we describe the discovery of the first two group I Introns in the nsrDNA from the genus Acanthamoeba. The introns are in different locations In the genes, and have no significant primary sequence similarity to each other. They are Identified as group I Introns by the conserved P, Q, R and S sequences (1), and the ability to fit the sequences to a consensus secondary structure model for the group I introns (1,2). Both Introns are absent from the mature srRNA. A BLAST search (3) of nucleic acid sequences present in GenBank and EMBL revealed that the A.grlfflnl intron was most similar to the nsrDNA group I Intron of the green alga Dunallella pan/a. A similar search found that the A.lentlculata intron was not similar to any of the other reported group I introns.
INTRODUCTION
The genus Acanthmaoeba consists of free-living amoebas that are found dispersed throughout the environment (4) . The life cycle includes a metabolically active trophozoite form and a dormant cyst form. The amoebas feed on paniculate food in nature, but are readily cultured axenically in the laboratory. Reproduction is thought to be asexual and there is some evidence that the genome may be polyploid (5) . Acanthamoebas are opportunistic human pathogens that are the etiologic agents of Acanthamoeba keratitis, an eye infection, granulomatous amoebic encephalitis, a fatal central nervous system disease, and infections of various organs in AIDS patients (6) .
We are currently studying the nuclear small subunit ribosomal RNA gene (nsrDNA) phylogeny of Acanthamoeba and other freeliving amoebas associated with human disease in a project designed to develop oligonucleotide probes for clinical diagnostic purposes. In our phylogenetic studies of the nsrDNA sequence, we discovered that one species, A.griffini, had a significantly larger nsrDNA than other species that we had examined (2,900 bp vs the usual 2,300 bp). Subsequently, Nerad (7) discovered several other species of Acanthamoeba with larger gene sizes. We chose to examine A.lenticulata PD 2 S because its 3000 bp nsrDNA was the largest of the group. In this paper we report that these larger nsrDNA sequences in A.griffini and A. lenticulata are due to the presence of group I introns-the first to be described in Acanthamoeba.
Group I introns have been found in the nuclear and organelle genomes of organisms ranging from cyanobacteria (8, 9) to protists (1). At least 31 group I introns have been described for nuclear srRNA genes. Many of these are in the algae (10-18), but others have been found in fungi (19, 20) , the myxomycete Didymium (21), the basidiomycete Ustilago (22) and in another pathogenic amoeba, Naegleria (23, 24) .
METHODS

Amoeba culture and nucleic acid extraction
The amoeba strains used were Acanthamoeba griffini S-7 (AT-CC# 30731) and Acanthamboeba lenticulata PD 2 S (ATCC# 30841). Amoebas were grown as axenic monolayers in Corning 25 cm 2 tissue culture flasks using 5 ml of OGM medium prepared as previously described (25) . They were harvested when confluent (about 10 6 total amoebas) by shaking them off the flask bottom and then centrifuging at 1000xg. The pellet was lysed using 200 jtl of UNSET lysis buffer (8M urea, 2% sodium dodecyl sulfate, 0.15M NaCl, 0.001M EDTA, 0.1M Tris pH 7.5) (26). The lysate was phenol/chloroform extracted, chloroform extracted and then ethanol precipitated. The resulting nucleic acid pellet was dried under vacuum and resuspended in 40 /il of sterile double distilled water. One /tl was used for amplification of the nsrDNA.
RNA isolation
Mature small subunit ribosomal RNA (srRNA) was obtained by electrophoresing die total nucleic acid sample on a 1 % low melt agarose gel in TAE buffer (0.04M Tris-acetate, 0.001M EDTA). The gel was stained with ediidium bromide and die srRNA band was cut out. The RNA was recovered (27) and used for reverse transcription and PCR amplification the same day to avoid ribonuclease degradation.
*To whom correspondence should be addressed PCR and RT PCR PCR reactions to amplify the nsrDNA were accomplished using primers (Table 1 ) specific for the nuclear small subunit ribosomal gene sequences (28) . Primer pair 373C/570 was used for amplification of the A.griffini intron. The intron in A. lenticulata was amplified using the pair 892C/1262. The whole gene for A.griffini was amplified using primers SSU1 and SSU2, which recognize the 5' and 3' ends of the nsrRNA gene. They were designed to contain restriction sites to facilitate cloning of the PCR products. Amplification conditions were 1 minute at 94°C, 1 minute at 42 °C and 2 minutes at 72 °C for 30 cycles using Taq polymerase (Boehringer Mannheim, Indianapolis). Products were separated and observed on 0.8% agarose gels. Band isolation and glass bead purification procedures were used to obtain PCR products free from excess primers and nucleotides. The products were cloned and then sequenced. All sequencing was done using the dsCycle Sequencing Kit (Gibco/BRL, Gaithersburg). The entire A.griffini nsrDNA PCR product was cloned into pBS SK-(Stratagene, La Jolla). For A. lenticulata, only the intron PCR product was cloned. The TA cloning method (Invitrogen, San Diego) was used. The intron then was subcloned into pBS SKf or sequencing.
Reverse transcriptase PCR used a thermostable reverse transcriptase that can also function as a thermostable polymerase (Perkin-Elmer/Cetus, Norwalk). Primer complementary to the nsrRNA (570 for A.griffini or 1262 for A. lenticulata) was mixed with the RNA and after a 'hot start' at 70°C for 5 minutes, the nucleotides, buffer and reverse transcriptase were added. Samples were incubated at 70°C for 10 minutes to produce the cDNA. The second primer was then added (373C for A.griffini or 892C for A.lenticulata) and the samples were denatured at 95°C for 2 minutes before cycling 35 times (1 minute at 95°C, 1 minute at 60°C). A final cycle in which the temperature was held at 60°C for 7 minutes allowed the enzyme to complete any partial products. The resulting RNA-PCR products were band isolated, cleaned by glass bead elution and sequenced directly.
Alignment, secondary structure modeling and similarity searches Sequences were assembled using ESEE v. 1.09e (29) . The intron sequences have been deposited in GenBank (30) with the accession numbers U02540 {A.griffini) and U02539 (/{.lenticulata). Intron secondary structures were drawn following the model of Cech (1). Zucker's PCFold molecular modeling program (31) was used to help predict stem structures in the less conserved portions of the model. A BLAST search (3) was conducted using the GenBank and EMBL databases. . Despite their lack of significant sequence similarity to each other, both introns were identified as being group I based upon conserved structural elements. These included conserved splice site nucleotides, U at the putative 5' splice site, G at the putative 3' splice site, the presence of conserved sequences P, Q, R and S (1) ( Table 2 ) and the conserved triplets AGA, in both introns, and CGN, in A.lenticulata, at the G binding site (33, 34) . The sequences of P, Q, R and S interact to form stems P4 and P7 which are part of the conserved secondary structure core. Using these sequences and the structures they form as guides, the rest of the sequence could be folded to fit the secondary structure model of Cech (1) for group I introns (Figure 2, A and B) . The predicted P5 region is larger in both A.griffini and A.lenticulata than has been reported for most other nsrDNA group I introns. The structure was predicted by a minimal energy folding program (31) . Comparative sequence information that could further test the proposed P5 structure is not available. Nevertheless, the proposed stem is similar to the P5 stem for the Physarum large subunit nrDNA group I intron PpLSUl (35) . Examination of the two 'The consensus sequences were derived by Cech (1). Underlined sequences are usually involved in secondary structure base pairing. 2 P and Q basepair to form stem P4 in the secondary structure models, while R and S basepair to form stem P7 (Figure 2, A (2) based upon the lack of extra stems between P7 and P8 and our calculation of 59% sequence similarity with the 5' srRNA intron of the alga Dunaliella parva. There were no other close matches with introns from organelle rDNA or from nuclear large subunit rDNA. The intron is unusual because it lacks the conserved triplet CGN at the G binding site in stem P7 (33, 34) (Figure 2A) .
RESULTS
Identification of group I introns
Classification of the A. lenticulata intron is less certain. It does not clearly have a sequence similar to previously reported nuclear or organelle introns. It has some primary sequence similarity with the Ustilago nsrDNA intron in regions around P, Q, R and S, but the overall similarity of 41 % is too low to indicate a definite relationship. The fact that the amoeba intron is found in the nuclear srDNA where most IC1 introns are located suggests that it too may be a member of the IC1 group. The intron contains both the AGA and CGN consensus triplets at the G binding site ( Figure 2B ).
Introns are absent from the mature srRNA
Reverse transcriptase RNA-PCR (RT RNA-PCR) amplification of band isolated nsrRNAs was performed to determine whether the introns were present or absent from the mature RNAs. The products were run on an agarose gel to compare their sizes with PCR products of the corresponding intron-containing nsrDNA-PCR products and with intron-free nsrDNA-PCR products obtained by amplification of genomic DNA from the Ma strain of A. castellanii (Figure 3) . Lanes 2 and 3, respectively, are the A.griffini DNA-PCR product (741 bp) that contains the intron and the corresponding A.castellanii Ma DNA-PCR product (222 bp) that lacks an intron. Lane 4 is the A.griffini RT RNA-PCR product and its size is similar to that of the intron-free product. It is concluded that the mature nsrRNA lacks the intron. Likewise, the A.lenticulata RT RNA-PCR product in lane 7 matches the Ma strain DNA-PCR product (474 bp) in lane 6 rather than the intron-containing A. lenticulata DNA-PCR product (1130 bp) in lane 5. Thus the intron also has been removed from the mature RNA of this species. A template-free control for contamination was run in lane 8. Only a spot at the bottom of the gel representing unused primer is seen. Examination of the sequences of band isolated RT RNA-PCR products confirmed that the ribosomal RNAs were joined correctly if it is assumed that the putative splice sites were used in the removal of the introns. Copy number counting using slot blots has revealed that Acanthamoeba has many copies of its nsrDNAs. We usually do not obtain more than one size of PCR product for either species when amplifying the entire srRNA gene or the portion that spans the intron. On occasion, though, amplification of the introncontaining region of A.griffini yielded both the expected introncontaining band and a smaller band that corresponded in size to an intron-free fragment (the band is not visible on the gel in Figure  3 ). This suggested that all or most of the copies of the nsrRNA gene contained the intron, but that some might not. This observation will be examined further because there is other evidence that at least two nsrDNA alleles coexist in Plasmodium (36) and in Acanthamoeba (Gast et al., in preparation).
DISCUSSION
The presence of group I introns in the nsrDNA of Acanthamoeba seems to be an exception rather than the rule. We have extensive nsrDNA sequence information for over 30 isolates representing inter-and intraspecific relationships and only two have contained introns. Although A.astwnyxis, A.tubiashi andA.comandonihave nsrRNA genes that are 200-300 bp larger than the average for Acanthamoeba (7), it appears unlikely that they have introns because their extra sequence occurs in the highly variable region E-23 of Neefs et al. (37) . In contrast, all of the reported group I nsrDNA introns occur in conserved areas of the molecule (22) .
Group I nsrDNA introns most often occur in one or more of four regions in the secondary structure model of the nsrRNA (37 Only one isolate of A.griffini is known, but there have been a number of isolates of A.lenticulata. Six uncharacterized strains of the latter species have been obtained from T.A.Nerad at the American Type Culture Collection. Preliminary PCR investigations suggest that four of the six strains are likely to have an nsrDNA intron located in the same amplification fragment as the A. lenticulata intron described here. This result is consistent with a relatively recent acquisition of the intron by this speces, the loss of the intron from the nsrDNA of some isolates, or the misidentification of some of the strains since only limited characterization has been done. Further analysis of nsrDNA from various strains of this species may be particularly helpful in studies of intron evolution and for comparing the rates of evolution of intron and host genes in Acanthamoeba. We expect that the A.lenticulata introns that occur in the same locations will have very similar sequences. The absence of the intron from die nsrDNA of some isolates of A. lenticulata does not rule out its presence elsewhere in the genome. Southern blots using digested genomic DNA and intron specific probes would test this possibility.
The extreme sequence difference between the introns of A.griffini and A.lenticulata as well as the different positions of insertion suggest that they were acquired in two separate events after the two species diverged from each other. Differences between nsrDNA introns from different species of the same genus have been observed previously for other organisms and do not seem to be a rare occurrence (15, 19, 23, 24) . In general, within a genus or species, introns in the same location tend to be more similar than introns in different locations, as observed here.
Phylogenetic analyses using nsrDNA sequences suggest that the genus Acanthamoeba is relatively closely related to a chloroplast containing lineage (38) . The similarity of tht A. griffini intron to the 5' srRNA intron of alga Dunaliella parva (59%) is consistent either with the possibility of a common ancestor or with horizontal transfer, presumably from the alga to the amoeba. The A. lenticulata intron appears to have arisen from a different source than the intron of A.griffini. Acanthamoebas are phagocytic organisms that occur in soil and water. They frequently phagocytize bacteria and a number of species harbor endosymbionts (39) . Acanthamoeba and several other amoeba genera support the intracellular survival of Legionella pneumophila (40) . They also readily ingest larger cells such as yeast and red blood cells (41, 42) although diere is no evidence that they support the intracellular survival of these cells. Nevertheless, it is possible that the amoebas have acquired introns by horizontal transfer from phagocytized algae or other microorganisms, a possibility enhanced by the observation that several other group I introns are mobile elements (43, 44) .
